Intermediate-filament Nestin and group B1 SOX transcription factors (SOX1/2/3) are often employed as markers for neural primordium, suggesting their regulatory link. We have identified adjacent and essential SOX and POU factor binding sites in the Nestin neural enhancer. The 30-bp sequence of the enhancer including these sites (Nes30) showed a nervous system-specific and SOX-POU-dependent enhancer activity in multimeric forms in transfection assays and was utilized in assessing the specificity of the synergism; combinations of either group B1 or group C SOX (SOX11) with class III POU proved effective. In embryonic day 13.5 mouse spinal cord, Nestin was expressed in the cells with nuclei in the ventricular and subventricular zones. SOX1/2/3 expression was confined to the nuclei of the ventricular zone; SOX11 localized to the nuclei of both subventricular (high-level expression) and intermediate (low-level expression) zones. Class III POU (Brn2) was expressed at high levels, localizing to the nucleus in the ventricular and subventricular zones; moderate expression was observed in the intermediate zone, distributed in the cytoplasm. These data support the model that synergic interactions between group B1/C SOX and class III POU within the nucleus determine Nestin expression. Evidence also suggests that such interactions are involved in the regulation of neural primordial cells.
Specific gene regulation for the determination of neural primordial cells is of high interest for its possible contribution to stem cell biology, where neural tissues are of primary importance. The majority of the neural primordial cells present in the central nervous system (CNS) from embryonic to adult stages (2, 47) have been documented to express the intermediate filament protein Nestin (11, 28, 41) . Given that transcriptional regulation determining a cell type is largely reflected by the regulation of genes specific to the cell type, we focused on the regulation of the Nestin gene to better understand gene regulation that is determinative for the neural primordial state.
Previous studies of rat and human Nestin genes indicated that Nestin expression in the CNS, at least during embryonic stages, is largely regulated by a nervous system-specific enhancer located in the 3Ј half of the second intron (21, 29, 58, 61) . After an analysis of a 257-bp-long Nestin enhancer in the rat, Josephson et al. (21) identified putative binding sites for POU, AP2, and a hormone-responsive element; further assessment of their involvement in Nestin enhancer activity was performed using transgenic mouse embryos. Mutational alterations of the downstream POU factor sites, bound by class III POU factors in vitro, largely eliminated the activity of the enhancer; mutations of other sites altered the domain of the CNS in which the enhancer showed activity (21) . These previous results indicated that the activation of the Nestin neural enhancer is fundamentally dependent on the binding of a POU factor to the downstream site and that other nuclear factors may cooperate in establishing this enhancer activity.
POU family transcription factors contain the DNA-binding POU domain, consisting of the POU-specific domain and homeodomain, and are grouped into six classes (4, 19, 27) . The class III POU factors, Brn1, Brn2, Brn4, and Oct6 (also called Tst1/SCIP), are widely expressed in the developing CNS, with extensive regional overlap (1, 18) , and presumably share redundant functions. Corroborating this notion, single-knockout mice lacking Brn1, Brn2, Brn4, or Oct6 do not have significant neural phenotypes, and only the simultaneous loss of Brn1 and Brn2 in double-knockout mice causes a mild CNS phenotype (4, 30, 46) .
Transcription factors expressed in tight association with the neural primordia are group B1 SOX proteins, represented by SOX2 and including SOX1 and SOX3 (8, 37, 40, 45, 51, 57) . SOX proteins have similar DNA-binding HMG domains (24, 36, 53) and are classified into groups A through J according to the characteristics of the HMG domain and extra-HMG domain sequences (6) .
Early neurogenesis in a variety of vertebrate systems is associated with expression of group B1 Sox genes (31, 37, 45, 49) . In the chicken, an enhancer for Sox2 that directly responds to neural induction signals has been identified and has been shown to be conserved among amniotes (49) . In Xenopus, forced expression of Sox2, in combination with basic fibroblast growth factor, initiates the neural development of the ectoderm (31) . It has also been demonstrated that group B1 SOX activity is involved in maintaining the neural primordia in the embryonic neural tube (7, 15) . Taken together, these observations indicate that the expression of group B1 SOX proteins is directly involved in establishing and maintaining neural primordial cell populations.
SOX and POU transcription factors often regulate genes interdependently, forming a complex on the DNA regulatory site (12, 24) . In this study, we demonstrate that group B1 and group C SOX proteins interact with POU factors and activate the Nestin neural enhancer. In the embryonic spinal cord, Nestin expression occurs in the cells expressing group B1 SOX and Brn2 in their nuclei (ventricular zone) and in those expressing group C SOX and Brn2 in the nucleus (subventricular zone). In the intermediate zone, the cells coexpress SOX11 and Brn2; however, Brn2 is largely sequestered in the cytoplasm. Thus, the participation of the POU factors in transcriptional regulation is determined by their subcellular localization. This regulated interaction between transcription factors presumably underlies the mechanisms that the determine the neural primordial cell state.
MATERIALS AND METHODS
Immunohistology. Mouse embryos were fixed with 4% paraformaldehydephosphate-buffered saline and cryosectioned at a thickness of 10 to 15 m. After treatment with 10% serum of the animal species used for secondary antibodies, sections were incubated with primary antibodies and then with Alexa Fluor 488-conjugated anti-rabbit immunoglobulin G and/or Alexa Fluor 568-conjugated anti-mouse immunoglobulin G (Molecular Probes). Observations were made using a Zeiss LSM5 Pascal laser microscope. Anti-SOX2 antibodies (demonstrating no cross-reactivity with SOX1 or SOX3) were produced in a rabbit by injecting the SOX2 N-terminal 19-amino-acid peptide linked to keyhole limpet hemocyanine; antibodies were affinity purified using peptide-conjugated beads. Anti-group B1 SOX antibodies (with demonstrated preference for SOX1 and SOX3 over SOX2 and indicated as anti-SOX1/[2]/3 in the figures) were derived from a rabbit similarly immunized with the SOX3 C-terminal 15 peptides. Anti-SOX11 and anti-Brn2 antibodies were obtained from Santa Cruz Biotechnology. Mouse anti-Nestin monoclonal antibody was obtained from BD Pharmingen.
Embryo electroporation. Enhancer sequences were inserted into the XhoI site of the ptkEGFP vector plasmid, delivered to the area of the caudal neural fold of a stage 10 chicken embryo, and electroporated as previously described (49) .
cDNAs, cell culture, and transfection. Full-length Nes258 enhancer and octamerized Nes30 sequences were inserted into p␦51LucII (22) reporter vectors. The SOX and POU proteins were expressed by inserting cDNAs into the vector pCMV/SV in transfected cells (22) . Both mouse and chicken cDNAs for SOX1, -2, -3, and -11 were used (DDBJ accession numbers for mouse sequences, AB108672, AB108673, AB108674, and AB108675), yielding essentially identical results. However, since data for SOX9, SOX14, and SOX21 were obtained by using chicken cDNAs, the data shown in the figures were generated using chicken SOX cDNAs (22, 23) for consistency. POU factor cDNAs were of mouse origin (16, 34, 35) .
Liver cells from a 10-day-old chicken embryo were transfected by a calcium precipitation method (22) with 1.5 g of DNA containing p␦51LucII reporter (1.3 g), pCMV/SV effecter (0.1 g), and reference pMiwZ (52) (0.1 g). Brain cells from a 7-day-old chicken embryo and other cells, including COS7, 10T1/2, and MNS70 (32), were transfected with 3 l of Fugene6 (Roche) and 1 g of DNA containing 0.9 g of reporter and 0.1 g of reference vectors. Transfection was done at least in triplicate, and the average luciferase expression is indicated (with standard errors) in the figures.
Analysis of transcripts using reverse transcription (RT)-PCR. Total RNAs were prepared from MNS70 or mouse embryonic spinal cords using a RiboPure kit (Ambion). cDNAs were synthesized from total RNA using ThermoScript reverse transcriptase (Invitrogen) and oligo(dT) primer and amplified by PCR using ExTaq polymerase (TaKaRa) and the following sets of forward (F) and reverse (R) primers: Nestin, F (CGCTGGAACAGAGATTGGAAGG) and R (GTCTCAAGGGTATTAGGCAAG); Sox2, F (ACCTACAGCATGTCCTAC TCG) and R (GGGCAGTGTGCCGTTAATGG); Sox11, F (TCAGCTGCTG AGGCGCTACAG) and R (GAACACCAGGTCGGAGAAGTTCG); Brn2, F (GGCGCCGAGGATGTGTATGG) and R (CATTCTACTTCATTGCCTG GG); Brn4, F (ACAGCTGCCTCGAATCCCTAC) and R (ATGCAGGCTCT GTGTGGAGG); and ␤-actin (32), F (TGCCCATCTATGAGGGTTACG) and R (TAGAAGCATTTGCGGTGCACG). The PCR products were electrophoresed and stained with SYBR GREEN I (Molecular Probes).
EMSA and protein coprecipitation. Recombinant proteins, tagged with glutathione S-transferase (GST) or maltose binding protein (MBP) at the N terminus and oligohistidine at the C terminus, were synthesized in Escherichia coli and affinity purified according to the method of Kamachi et al. (25) . For electrophoretic mobility shift assays (EMSA), the N-terminal GST tag was removed after purification. Conditions for EMSA and protein coprecipitation assays using immunoblotting were previously described by Kamachi et al. (25) 
RESULTS
Mouse Nestin gene has a 258-bp neural enhancer dependent on binding sequences for SOX and POU factors. It has been demonstrated in the rat gene that Nestin expression in the neural tube is determined by an enhancer, 257 bp long, located in the second intron; the activity of the enhancer is dependent on the integrity of a small segment, including a POU factor binding site (21) . We have found a 258-bp sequence in the mouse Nestin second intron that is almost identical (96% identity) to the rat neural enhancer (Fig. 1A) . It is known that the second intron in the human Nestin gene also contains a conserved CNS-active enhancer (29) , which is 75% identical to the mouse sequence in the corresponding 256-bp region. The essential binding site for a POU factor in the enhancer is conserved among these animal species (Fig. 1B) .
Considering the association of group B1 SOX and Nestin expression in the neural primordial cells, we searched for a potential SOX binding site in the 258-bp mouse Nestin enhancer (Fig. 1B) . A candidate SOX binding sequence, GACA AAA, was found immediately upstream of the POU binding site and is perfectly conserved in the rat Nestin enhancer. In the human Nestin enhancer sequence, GACAAAA is altered to GACAATG; however, the latter sequence also provides a good binding site for group B1 SOX (24) .
To confirm that the 258-bp sequence of the mouse Nestin gene has nervous system-specific enhancer activity, and to evaluate the potential contributions of SOX and POU factors to this activity, we took advantage of electroporation of chicken embryos. Wild-type or mutated 258-bp sequences were placed upstream of the herpes simplex virus thymidine kinase (tk) promoter of the tk-EGFP gene (49) , and chicken embryos at stage 10 were electroporated at the caudal neural plate with this gene and an HcRed1 expression vector. The embryos were observed after 48 h at stage 21 (Fig. 1C) . When the wild-type sequence was employed, the EGFP reporter gene was strongly expressed in the spinal cord (Fig. 1C, a) , while coelectroporated HcRed1 was expressed in the spinal ganglia and epidermis as well (Fig. 1C) . When either of the mutations, M1 or M2 (disrupting the binding sites for SOX and POU, respectively), was introduced into the 258-bp sequence, enhancer activity was attenuated (Fig. 1C, c and e ). These observations indicate that the 258-bp sequence has nervous system-specific enhancer ac-tivity and that the integrity of both binding sites is essential for the enhancer.
To further confirm the dependence of the Nestin enhancer on SOX and POU binding sites, we tested the activity of the enhancer in the neural stem cell line MNS70 (32) . Placing the wild-type Nestin enhancer upstream of a reporter luciferase gene (Fig. a) activated luciferase expression in transfected MNS70 cells 75-fold (Fig. 1D, b) , indicating that endogenous transcription factors are sufficient for activation of this enhancer. Mutations M1 and M2, disrupting the binding sites for SOX and POU factors, respectively, significantly reduced the activity to a 30-to 40-fold activation level, thus confirming involvement of these factors in generating the activity. Exogenous expression of SOX2 or Brn2 augmented the activation level by the wild-type enhancer to 85-fold, and their simultaneous expression increased it further to 100-fold activation, indicating that these SOX and POU factors synergistically activate the Nes258 enhancer and that MNS70 cells contain nearly saturating levels of these or analogous factors. Indeed, MNS70 cells expressed Sox2 (group B1), Sox11 (group C), and Brn2/4 (class III) at a level even higher (except for Brn4) than mouse spinal cords of embryonic day 10.5 (E10.5) and E13.5 embryos, as assessed by RT-PCR (Fig. 1D, c) . However, using mutant enhancers carrying either mutation M1 or M2, exogenous supply of SOX2 and/or Brn2 had no effect on the expression of luciferase reporter (Fig. 1D, b) , indicating that these transcription factors act only in combination in activation of the Nes258 enhancer.
The Nestin core enhancer, composed of SOX and POU binding sites, can be activated by the synergistic action of SOX2 and Brn2. Many cell-specific enhancers are composed of binding sites for cell-specific nuclear factors and those for factors with broader specificity (reference 14 and references therein). The core regulatory region of the enhancers provides binding sites for specific factors (25) , generally essential for the entire enhancer activity, and the multimeric form demonstrates its intrinsic enhancer activity (reference 14 and references therein).
In the case of the Nestin enhancer, the SOX-POU binding region may have the property of the Nestin enhancer core sequence; the potential enhancer activity may be demonstrated by its multimerization. Thus, the 30-bp region (Nes30) of the Nestin enhancer containing SOX and POU factor binding sites ( Fig. 1B and 2A ) was octamerized and placed upstream of the ␦51LucII reporter gene (22) (Fig. 2A) . The constructs were then transfected into different cultured cells to determine whether SOX-POU-dependent enhancer activity is detectable ( Fig. 2B and C) .
The octamerized Nes30 sequence [Nes30(8-mer)] significantly activated luciferase expression in primary brain cells; however, this activation was absent in liver cells ( Fig. 2B and  C) . Among the cell lines tested, the neural stem cell line MNS70 (32) supported enhancer activity of the Nes30(8-mer) sequence. In nonneural COS7 or 10T1/2 cells, the Nes30 sequence showed no activity ( Fig. 2B and C) . The activation of luciferase expression by Nes30(8-mer) in the brain cells and in the neural stem cells was compromised when the sequence had either the M1 or M2 mutation (Fig. 2B) . These results indicate that the Nes30 sequence has nervous system-specific core enhancer activity and that this activity presumably depends on simultaneous binding of SOX and POU factors.
To establish the contribution of SOX and POU transcription factors in the regulation of the Nes30 core enhancer, we exogenously expressed SOX2 and Brn2 (class III POU) in liver cells, where the core enhancer has no activity ( Fig. 2) . When SOX2 was expressed alone, the cotransfected Nes30(8mer)-carrying luciferase gene was not activated, whereas singular Brn2 expression caused only very weak activation (5-to 10-fold). By contrast, when SOX2 and Brn2 were coexpressed, there was dramatic activation of the cotransfected luciferase gene (90-to 100-fold) (Fig. 3B ). This strong activation brought about by the coexpression of SOX2 and Brn2 was extinguished when mutations M1 (SOX2 binding site) or M2 (POU binding site) were introduced into the Nes30 sequence (Fig. 3C) . Thus, the Nes30 enhancer is activated by the synergistic action of SOX2 and Brn2 bound to the sequence. (Low activation of luciferase expression by exogenous Brn2 alone, in spite of its total dependence on the integrity of the SOX binding site, is now ascribed to low-level endogenous expression of SOX11 in (24, 36, 53) and abolishes SOX2 binding (Fig. 4) , while mutation M2 has been shown to eliminate Nestin neural enhancer activity (21) . The mutated sequences are shaded in purple. The Nes30 core sequence used in the following analyses is also indicated. (C) Activity of the mouse Nestin neural enhancer (Nes258) and its M1-M2 mutant forms in the electroporated spinal cord of a chicken embryo. Expression vectors for enhancer-dependent EGFP (Reporter) and HcRed1 (Reference) are indicated on top. Electroporation was performed at stage 10, and observations were made after 48 h at stage 21. The HcRed1 reference vector was also included in electroporation. Binding of SOX2 and Brn2 to the Nes30 sequence in vitro. To confirm that SOX2 and Brn2 bind to the Nes30 sequence together, electrophoretic mobility shift assays (EMSA) were performed using the Nes30 sequence probe.
The region from amino acids 3 to 202 of SOX2, containing the HMG domain, and the region from amino acids 215 to 445 of Brn2, containing the POU domain, were both tagged with the MBP, synthesized (Fig. 4A) , and used in EMSA (Fig. 4B) . The individual protein domains bound efficiently to the probe (Fig. 4B, lanes 1, 2, 4 , and 5), and the combination of these proteins yielded a new, slowly migrating band, indicating simultaneous binding of the two proteins (Fig. 4B, lane 3) . With the increase of MBP-Brn2(215-445), the slowly migrating band was intensified in a predictable manner from noncooperative, stoichiometric binding of these proteins to the probe (Fig. 4B,   lane 6) . A dissociation constant of 1.0 ϫ 10 Ϫ8 M was estimated for binding of SOX2 to the Nes30 probe, and 3.6 ϫ 10 Ϫ10 M for binding of Brn2(215-445) to the probe, as described in Materials and Methods (data not shown). Mutation M1 eliminated binding of SOX2 , while mutation M2 destroyed binding of MBP-Brn2(215-445) (Fig. 4B, lanes 7 to  12) .
Given that SOX2 and Brn2 act synergistically in the activation of the Nes30 core enhancer, it is possible that these proteins interact directly without the intervention of DNA. Such direct interaction between SOX2 and Oct3/4, as well as that of SOX2 and Pax6, has been demonstrated (3, 25) . To test this, GST-tagged SOX2(3-202) protein was attached to glutathioneSepharose beads and examined to determine if MBP-tagged Brn2(215-445) coprecipitated (Fig. 4C) . Attempts at synthesizing full-length proteins were hampered by extensive proteolysis during sample preparation, but previous reports indicated protein interaction sites close to HMG and POU domains (3). GST-SOX2(3-202) coprecipitated with MBP-Brn2(215-445) with an efficiency comparable to that of MBP-Pax6(1-169), which is known to bind SOX2(3-202) (25) . No such binding was detected when GST alone, or MBP linked to an unrelated protein (MBP-LacZ␣), was employed. The observations indicate that SOX2 and Brn2 proteins interact without Nes30 DNA. More extensive protein-protein interactions might take place if full-length proteins are involved. Thus, protein-protein interaction may participate in the synergistic action of SOX2 and Brn2 in activating the enhancer.
Comparison with other cases of SOX2-POU interaction on regulatory DNA sequences, mainly involving Oct3/4, indicates that the arrangement of binding sites of SOX2 and Brn2 in the Nes30 sequence is unique, and individual binding sites are inverted relative to other cases (3, 13, 33, 48, 59) (Fig. 5A ). In addition, the distance between the SOX and POU binding sites is larger in the Nestin enhancer (6 bp between the binding sites compared to 3 [Fgf4] or 0 [all other cases] bp). To see whether this arrangement of binding sites is essential for Nes30 enhancer activity, the binding site sequences were swapped (Nes30-Swap), or the space between the binding sites was increased by the insertion of 10 bp (Nes30-Ins). The alterations of the sequence did not affect binding of SOX2 and Brn2 (Fig.  5B) . With these rearrangements, however, the Nes30 sequence lost the enhancer activity in SOX2/Brn2-transfected liver cells (Fig. 5C) . The Nes30-Swap sequence is analogous to one of the Fgf4 enhancer mutants lacking the activity due to increased spacing between the SOX2 and POU binding sites (3). Thus, the particular orientation and spacing between the SOX2 and POU binding sites found in the Nes30 sequence represents a new functional arrangement of binding sites activated by SOX2 and a POU factor.
Differential regulation of the Nestin enhancer by various combinations of SOX and POU factors. In addition to SOX2 and Brn2, various SOX and POU factors are expressed in the embryonic CNS, as assessed by in situ hybridization of the gene transcripts. All group B1 Sox genes are expressed in the ventricular zone, while Sox2 is additionally expressed in the roof and floor plates (37, 40, 50, 51, 57) . Of the group B2 Sox genes Sox14 and Sox21, the latter is expressed primarily in the ventricular zone (50) . Additionally, the group C Sox genes Sox11, Sox4, and Sox12 are strongly expressed in the subventricular and intermediate zones (9, 17, 20, 26, 51) . The SOX9 (group E) protein has been shown to be expressed in the nuclei of the ventricular zone and glial precursors (44) . Among POU family transcription factor genes, those coding for class III factors, Brn1/Brn2/Brn4/Oct6, are expressed in the ventricular through intermediate zones in overlapping but slightly different anteroposterior domains of the CNS (1, 4, 18) . The class V POU Oct3 (or Oct4) is expressed throughout the neural plate in very early embryos (38, 42) . The class II POU protein gene Oct2 is expressed in a regionally restricted fashion (27) , while the class VI POU gene Brn5 (Emb/Cns-1) is expressed throughout the CNS (10) .
To learn how these SOX and POU factors may cooperate in regulating Nestin expression, analogous to SOX2 and Brn2, various combinations of SOX and POU factors were expressed in liver cells and their effects on the activity of the Nes30(8-mer) enhancer was assessed (Fig. 6 ).
In combination with Brn2, all group B1 SOX proteins, SOX1, SOX2, and SOX3, activated the Nes30(8-mer) enhancer nearly 100-fold, confirming analogous activities of these factors. The group B2 SOX proteins, SOX14 and SOX21, or group E SOX9, did not activate the Nes30 enhancer (Fig. 6A) .
Importantly, group C SOX11, in combination with Brn2, also activated the Nes30(8-mer) to a significant extent (30-to 40-fold activation) (Fig. 6A ). This contrasts with activation of the ␦-crystallin DC5 enhancer by cooperation of SOX2 with Pax6, where SOX11 could not replace SOX2 (22, 25) . Among various POU factors which were examined for the potential to activate the Nes30(8-mer) enhancer in combination with SOX2 (Fig. 6B) , class III POU proteins (Brn1, Brn2, Brn4, and Oct6) strongly activated the enhancer, in which activation by Brn1 was relatively moderate. Oct3/4 (class V), in combination with SOX2, activated the enhancer comparably to class III POU factors. Class II Oct2 protein caused weak activation, whereas class VI Brn5 showed no activation with SOX2.
Expression of group B1 SOX, SOX11, and Brn2 in the spinal cord and its relationship with Nestin expression. The observation described above indicates that group B1 and group C SOX proteins (at least SOX11) cooperate with class III POU factors and activate the Nestin enhancer through binding to the Nes30 sequence. To correlate the synergism of SOX and POU factors that occurs on the Nes30 sequence with the expression of Nestin in vivo, we examined the expression of group B1 SOX, SOX11, and Brn2 proteins in the embryonic spinal cord by immunostaining histological sections. At E10.5, when virtually all cells in the neural tube expressed Nestin (Fig. 7Aa) and were largely mitotic (37), SOX2 was expressed in the major population of cells and localized to the nuclei ( Fig. 7Ab and Ba), except for the most external region corresponding to the forming subventricular zone, where SOX11 was strongly expressed (Fig. 7Ad and Bb). At this stage of spinal cord development, expression of SOX2 and SOX11 overlap in a large fraction of cells (Fig. 7B and C) . Immunostaining with antibodies detecting all group B1 SOX proteins (with some preference to SOX1 and SOX3) showed essentially the same distribution of the antigen, indicating that expression domains of other group B1 SOX proteins are included in that of SOX2 (Fig. 7Ac and Bd) . On the other hand, Brn2 was distributed in all nuclei (Fig. 7Ae and Be), surrounded by Nestin-expressing cytoplasm (Fig. 7Bf) .
In E13.5 spinal cord, SOX2 expression was confined to the ventricular zone (Fig. 8Ab and Ba), as with other group B1 SOX proteins (Fig. 8Ac and Bc). SOX11 expression at this stage was strong in the subventricular zone, extending into the intermediate zone with a moderate expression level ( Fig. 8Ad and Bb), thus making a boundary with the SOX2-expressing ventricular zone (Fig. 8Bd) .
Immunostaining with anti-Brn2 antibodies indicated widespread Brn2 protein expression in the neural tube. Expression was strong in the ventricular and subventricular zones and moderate in the intermediate zone (Fig. 8Ae) . Examination at higher magnification revealed a remarkable transition in the subcellular localization of this protein. In the ventricular and subventricular zones, Brn2 protein was located mostly in the nuclei, whereas in the intermediate zone, its majority localization was to the cytoplasm ( Fig. 8Be and C) . Thus, functional cooperation of group B1 SOX and Brn2, and that of SOX11 and Brn2, can take place in the ventricular and subventricular zones, respectively, based on their nuclear colocalization. In the intermediate zone, the cooperation is likely inhibited because of the cytoplasmic localization of Brn2. This accounts for expression of Nestin in the cells of the ventricular zone (group B1 SOX and nuclear Brn2), and those of the subventricular zone (SOX11 and nuclear Brn2).
DISCUSSION

SOX-and POU-dependent
Nestin enhancer and its core sequence. To better understand gene regulation taking place in neural primordial cells, we focused on the regulation of the Nestin gene marking these cells (11, 38, 41, 43) . Our study was based on the idea that transcriptional regulation determining a cell type is largely reflected by the regulation of genes specific to that cell type.
In addition to the Nestin gene, expression of group B1 Sox genes, represented by Sox2, is also regarded as an indication of the neural primordial cells (8, 43, 49, 60) . Indeed, recent studies that indicated interference with group B1 SOX function in the embryonic spinal cord demonstrate the function of this class of SOX proteins in maintaining the neural primordial state (7, 15) . We speculated that there would be a direct regulatory link between expression of Nestin and group B1 Sox genes and thus investigated the Nestin enhancer.
Previous studies identified the nervous system-specific enhancer of the Nestin gene in the second intron (29, 61) , the activity of which is totally dependent on the binding of class III POU factors exemplified by Brn2 (21) . It has also been indicated that other transcription factors, e.g., those binding to hormone-responsive elements, have subsidiary roles in augmenting activity of the enhancer in specific domains of the CNS (21, 29, 58) . In this study, we demonstrated that SOX proteins binding to a site immediately upstream of the POU site are also essential for activation of the Nestin enhancer ( Fig.  1 to 3) , providing the functional link between the group B1 SOX and Nestin expression. Recombinant SOX2 and Brn2 proteins bind to these sites (Fig. 4) , and mutational abolition of the SOX binding site (M1) eliminated the activity of the full-length (258-bp) Nestin enhancer in electroporated chicken spinal cord and in the transfected neural stem cell line MNS70. The effect of the SOX site mutation was similar to that of POU site mutation (M2), supporting the synergistic action of SOX and POU for activation of the Nestin enhancer (Fig. 1C and D) .
Many cell-type-or tissue-specific enhancers are comprised of elements with narrow specificity with essential functions (and hence called "core") and those with broader specificity. Although individual elements do not necessarily show significant enhancer activity, their regulatory potential and specificity can be demonstrated when they are multimerized (reference 14 and references therein). The 30-bp-long region of the Nestin enhancer (Nes30), including the SOX and POU binding sites, had the features of such a core element. Indeed the octamerized Nes30 sequence showed neural specificity and absolute dependence on the SOX and POU binding sites, providing a handle on the synergistic interaction of the SOX-POU proteins (Fig. 2) .
Synergistic function of SOX and POU proteins in regulation of the Nestin core enhancer. Taking advantage of the octamerized Nes30 core sequence, we demonstrated that specific combinations of SOX and POU proteins, group B1 SOX and class III POU and group C SOX and class III POU, are involved in the activation of the Nestin enhancer. Although only SOX11 among group C SOX factors was studied here, other group C SOX factors, i.e., SOX4 and SOX12 (also called SOX22), which share many protein motifs and are known to be expressed in the subventricular and intermediate zones of the embryonic spinal cord (9, 20, 51) , likely have analogous potentials for synergism. The specificity of the synergistic interaction is confirmed by the total absence of transactivation when SOX14/21 (group B2), SOX9 (group E), or Brn5 (class VI) was involved.
It is common for SOX proteins to cooperate with other factors by binding to a nearby site of target DNA sequences for their action and to employ distinct partner factors in different cells, and thus to selectively regulate a cell-specific group of genes (12, 24, 25, 56) . For instance, several enhancers active in embryonic stem (ES) cells are activated by the combinatory action of SOX2-Oct3/4 (3, 13, 33, 48, 59) (Fig. 5A) . Previous studies employing the Fgf4 enhancer as a model system showed that the natural pair SOX2 and Oct3/4 expressed in ES cells (3), as well as an artificial SOX11-Brn2 pair, activated the enhancer (26) ; the SOX2-Brn2 pair, however, failed to do so (54) , supporting the model of differential and binding sitedependent SOX-POU interactions.
The arrangement of the SOX and POU factor binding site sequences in the Nes30 region was unique among known SOX-POU synergistic sites, including those of the Fgf4 enhancer (Fig. 5A) . Insertion of a 10-bp sequence between the SOX and POU binding sites of Nes30, or the swapping of these sites in the 30-bp stretch, completely inactivated the core enhancer (Fig. 5C ), although individual proteins bound to these sequences (Fig. 5B) . Selective combinations of SOX and POU proteins in transactivation through binding to their unique configuration of the Nes30 sequence extend and confirm the diverse regulatory functions generated by the combined action of SOX and POU proteins binding to adjacent sites.
It is conceivable that there are various interactions between SOX and POU proteins to elicit gene activation synergistically, presumably employing different interfaces of the SOX and POU proteins. In support of this model, recent crystallographic analysis of SOX2-POU complexes indeed indicates recruitment of distinct interaction sites of SOX2 and Oct3/4, depending on the binding site sequences (39, 55) .
Regulation of SOX and POU factors in embryonic spinal cord. As the SOX and POU binding sites included in the Nes30 sequence are essential for the entire activity of the Nestin neural enhancer (Fig. 1B and C) , the functional synergism of SOX and POU factors that takes place on the Nes30 sequence must, to a large degree, reflect the major transcriptional regulation of the Nestin neural enhancer. To validate this, the expression of transcription factors in the embryonic spinal cord was investigated. Previous studies using in situ hybridization indicated transcript localization for these transcription factors: expression of Sox1/2/3 in the ventricular zone (40, 50, 51) and high expression of Sox11 in the subventricular zone (9, 51) . Other group C Sox genes, i.e., Sox4 and Sox12, are also expressed in the CNS domains, including the subventricular zone (9, 20, 26) .
It has also been shown, by using an in situ hybridization technique, that class III POU factor genes are widely expressed in the ventricular and subventricular zones of the embryonic CNS. Their spatial expression covers slightly different CNS areas along the A-P axis, but extensive overlap exists between them, presumably exerting redundant functions (1, 4, 18) . The functional redundancy of the class III POU factors in the CNS is supported by the lack of major neural phenotypes in the single and double mutants lacking Brn1 and Brn2 (4, 30, 46) .
Immunohistological detection of group B1 SOX and Brn2 proteins carried out in this study ( Fig. 7 and 8 ) clearly indicated their spatial relationships. At E10.5, the majority of the cells had characteristics of the ventricular zone and expressed SOX1/2/3, and an emerging subventricular zone expressing SOX11 was not well separated (Fig. 7) . Brn2 was expressed and distributed throughout the nuclei of the spinal cord (Fig.  7) . Nestin was also expressed in all cells, consistent with the model of synergic interaction between group B1 SOX and class III POU, and that of group C SOX and class III POU, in activating Nestin expression.
At E13.5, Nestin expression was confined to those cells having their nuclei in the ventricular and subventricular zones (Fig. 8) . At this stage, ventricular and subventricular zones were distinct as a zone of group B1 SOX expression and a zone of a high SOX11 expression, respectively (Fig. 8B) , whereas expression of SOX11 at a moderate level extended to the wide intermediate zone, which is externally positioned (Fig. 8Ad and Bb and d).
On the other hand, the expression and subcellular localization of Brn2 changes dynamically between the ventricular and subventricular zones and the intermediate zone. In the ventricular and subventricular zones, Brn2 expression was very high, and the majority of Brn2 protein was localized in the nuclei of cells (Fig. 8Ca) ; in the intermediate zone, the expression level was lower (Fig. 8Ae) , and more significantly, the Brn2 protein was localized in the cytoplasm and excluded from the nucleus (Fig. 8Cb and c) .
This regulation of the subcellular localization of Brn2 results in an interaction between Brn2 and SOX11 within the nucleus that occurs only in the subventricular zone, in spite of the Thus, the zonal and subcellular distribution of group B1 SOX, SOX11, and Brn2 supports the model that their synergism on the Nes30 core sequence is fully reflected in the activation of the Nestin gene that takes place within the ventricular and subventricular zones.
Regulation of Brn2 activity by intracellular localization of the protein adds an important item to the list of cytoplasmic sequesterings of transcription factors in differentiated cells (e.g., N-myc in mature neurons [52] and SOX2 in trophoblasts [5] ). Although we investigated only Brn2 among class III POU proteins in this study, a high degree of conservation of amino acid sequences among the proteins of this class (1, 4, 18) supports the view that Brn1 and -4 and Oct6 are also under the same regulation of subcellular localization.
Two populations of Nestin-expressing cells in the embryonic CNS. This study revealed that Nestin-expressing cells within the embryonic CNS are comprised of two major populations: (i) those expressing group B1 SOX and nuclear class III POU, located in the ventricular zone, and (ii) those expressing SOX11 (and possibly other group C SOX), together with nuclear class III POU, located in the subventricular zone (Fig. 9) .
The subventricular zone is a loosely defined zone of cells that are nonproliferative and positioned immediately external to the ventricular zone. Previous in situ hybridization data of the spinal cord showed high Sox11 expression in the corresponding cell population (9) . Based on the data presented in this work, it may be logical to redefine the subventricular zone (at least in the embryonic spinal cord) as the zone characterized by possession of nuclear class III POU proteins and SOX11. This argues that the shift of the cells from the ventricular zone to the subventricular zone indicates not only the change of cell state from proliferative to nonproliferative (7, 15, 37) , but also the change of major transcriptional regulation from group B1 SOX dependent to group C SOX dependent. This change in the major SOX proteins may still maintain expression of a significant fraction of genes, like Nestin, but may cause altered expression of other genes; combinations of SOX2-Brn2 and SOX11-Brn2 were both effective in activation of Nestin transcription through binding to Nes30 sequence (Fig. 6 ) but are also distinguished in other SOX-POU cobinding sites (26, 54) .
Given that Nestin expression marks neural primordial cells, they are thus comprised of two populations: group B1 SOX dependent and group C SOX dependent (Fig. 9) . In addition, class III POU proteins, the synergistic partners of the SOX proteins, are under the regulation of their subcellular localization. Nestin-expressing cells in later development and in the adult CNS remain to be investigated from this viewpoint, but regulation of embryonic Nestin expression must have an important bearing on transcriptional regulation in later neural primordial cells. Fig. 1 and 2) within the nucleus. In the subventricular zone, SOX11 (and possibly other group C SOX, i.e., SOX4 and SOX12) interacts with class III POU factors. In the cells with cell body localization in the intermediate zone (IZ), moderate expression of SOX11 and Brn2 also takes place, but sequestering the majority of Brn2 activity in the cytoplasm results in the absence of Nestin expression in these cells. 
